There are very few attempts to explore the erosion-wear behaviour of the Cr 3 C 2 -NiCr coating deposited on the nickel-based superalloy employed to resist the solid particle erosion damages for flue gas turbine blade. This work focuses on the erosion mechanism of Cr 3 C 2 -NiCr coating under service conditions. A 75 wt% Cr 3 C 2 -25 wt% NiCr composite coating was prepared on Ni-based superalloy substrate material using high-velocity oxygen-fuel spraying technique. The coating surface has been characterized. The erosion behaviour and the effects of air pressure, impingement angle, erosion temperature and particle size on the erosion resistance of coating were studied. The results indicate that the volume erosion rate of the specimen increases gradually with the increase in air pressure. The volume wear rates of coating material increase with the decrease in coating thickness. Coating shows better erosion resistance at 90°impact angle as compared to 30°impact angle. The maximum volume erosion rate occurs at impact angle of 60°. So, the combined mode of erosion mechanism (i.e. ductile and brittle) is observed in the Cr 3 C 2 -NiCr coating on nickel-based superalloy. The erosion-wear resistance of the materials can be improved at high temperatures. With the increase in the particle size, the volume erosion rates of the coating material increase. Erosion particle size and shape are the key factors that influence the erosion-wear behaviour.
Introduction
Solid particle erosion is a common mode of material degradation in many industries such as petroleum, chemical, aerospace, and power generation, which caused great economic losses. The flue gas turbine is one of the important energy-saving equipments in petrochemical enterprise. Ni-based superalloys have been most widely applied in modern turbine blades due to their excellent mechanical properties. [1] [2] [3] However, the catalyst particle of high-temperature flue gas can cause serious erosion wear to the turbine blades which leads to the degradation of the fatigue performance. 4 To prolong the service life of the components, several coating techniques are used to improve the erosion resistance of materials in that high-velocity oxygen-fuel (HVOF) spraying have attracted significant attention. It is evident from literature that coating techniques have played an increasingly important role in reduction of erosion damage. [5] [6] [7] The purpose of this kind of coating is to insulate or protect the component from School of Mechanical Engineering, Beijing Institute of Petrochemical Technology, Beijing, China aggressive environments and thereby enhancing the service life of the substrate material. For example, Cr 3 C 2 -NiCr cermet coating was widely used in high-power machine blade for the virtues of high hardness, low friction coefficient and wear resistance. 8 This coating has high thermal stability, oxidation resistance and corrosion resistance at 500°C-900°C. Therefore, as one of the best high-temperature wear-resistant coatings, it is widely used in high-temperature abrasion, corrosion or erosion work condition parts. [8] [9] [10] At present, the wear resistance and corrosion resistance of the Cr 3 C 2 -NiCr cermet coating were studied widely. Many investigations 5, 6, 8, [9] [10] [11] [12] [13] [14] [15] revealed that erosion-wear resistance properties of the coating are mainly related to the structure of coating, erosion particle and erosion condition which characterized the erosion behaviour of Cr 3 C 2 -NiCr-based coatings. Although many researchers have studied the solid particle erosion properties of Cr 3 C 2 -NiCr cermet coating, these were limited to simple erosion tests without taking into account the influence of the service conditions such as impingement angle, erosion temperature and particle size. There are only fewer attempts to explore the erosion resistance of the Cr 3 C 2 -NiCr coating deposited on the substrate material of nickel-based superalloy. Nickel-based superalloy is typically employed to resist the combined erosion corrosion damages when the service temperature is above 600°C for flue gas turbine blade, and the performance of superalloys associated with the coating is always a concern.
This study focuses on Cr 3 C 2 -NiCr coating used for the flue gas turbine blade. Cr 3 C 2 powder is mixed with NiCr powder, and HVOF spraying is used to form the composite coating deposited on the nickel-based superalloy substrate for possible applications in gas turbine blade repair. The erosion behaviour of coating is studied according to different erosion conditions based on its service environment, and the influences of erosion parameters and erosion mechanism are investigated. But few have been performed at high temperature.
Experimental details

Coating preparation
GH738 made for blades were usually employed to resist mechanical fatigue which fulfils good mechanical properties such as high tensile and yield strength, and significant rupture strengths. In this study, GH738 was chosen as the substrate material. The chemical composition of the substrate materials in wt% is as followsCr: 19.21, Ti: 2.97, Mo: 4.42, C: 0.048, Al: 1.39 and Ni: balance. 3 The substrate samples with dimensions of approximately 30 mm 3 25 mm 3 3 mm were prepared and grinded with 800-grit SiC sand papers, and the samples were grit blasted with corundum before spraying of the coatings by HVOF process. The grit blasting can improve the mechanical interlocking between the coating and the substrate. Specimens were prepared manually, and all care was taken for any structural changes in the specimens.
The agglomerated and sintered Cr 3 C 2 -25NiCr powder (nominal size: 245/ + 15 mm) provided by the Corrosion and Protection Center, University of Science and Technology Beijing, were used as feedstock alloys for HVOF spraying process in the study. SEM micrograph is shown in Figure 1 for Cr 3 C 2 -25NiCr powder which verifies the grain size and the shape of the alloy powders. Figure 2 shows the X-ray diffraction pattern for the received powder.
HVOF process parameters
The HVOF spray experiments were carried out with a commercial HVOF (STR-3000) thermal spray system (Corrosion and Protection Center, University of Science and Technology Beijing, Beijing), which was performed using kerosene as the fuel gas and argon as the powder carrier gas. The process parameters employed for HVOF spray process are listed in Table 1 , and the parameters used in the spraying process are kept constant throughout the experiment.
The average as-sprayed coating thickness deposited on the substrates was about 40-160 mm by 1-4 passes of spraying. The HVOF spray parameters used could provide coatings of desired thickness range. Coating thickness was measured from the back scattered image obtained along the cross section of coated specimen.
Erosion testing conditions
The erosion tests were conducted using the hightemperature gas-solid two-phase flow erosion testing machine available with the China University of Geosciences (Beijing) as shown in Figure 3 (a), and the principle diagram of the machine is shown in Figure 3 (b). The silica erodent particles were used for this study. The microstructures were observed and analysed using scanning electron microscopy (SEM) of SHIMADZU SSX-550. The SEM image is shown in Figure 4 , which shows a flaky and angular morphology.
The flux rate of impact particles was 100 g/min based on the experience. Each test was carried out for about 5 min. During the test, the sample surface would be impacted with 500 g of black SiO 2 erosion particles. The distance from the spray nozzle to coating surface was 100 mm. The erosion testing parameters were as follows.
The above coated samples were polished to give an average coating thickness of 160, 140, 120, 100, 80, 60 and 40 mm, respectively. The impingement angles of erosion particle stream on the samples were 30°, 60°a nd 90°, respectively; the samples were impacted at various temperatures (400°C, 500°C and 600°C); the pressure of compressed air was, respectively, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45 and 0.5 MPa; and the silicon oxide particle size was, respectively, 100, 120, 150 and 280 mesh.
Measurement of erosion rate
Solid particle erosion resistance was characterized with volume erosion rate, which was defined as the volume loss of sample divided by the mass of erosion particles (mm 3 /g) and expressed by equation (1) 16,17
where v is the volume erosion rate of samples (mm 3 /g), r is the density of samples (g/mm 3 ), M 1 and M 2 are the mass of the specimen before and after the solid particle impact erosion-wear test, respectively; and M 3 is the mass of SiC erosion particles. The eroded specimens were cleaned with ultrasonic wave and dried; then, they were weighed with an analytical balance. 17 The erosion testing was carried out three times for each erosion condition to ensure the repeatability of the test and the average value was reported.
Results and analysis
Characterization of coating
The photograph of the Cr 3 C 2 -NiCr coated GH738 sample is shown in Figure 5 . The hole in the sample as shown in Figure 5 was machined in order to be fixed in the HVOF spray process. Before erosion testing, the surface of coating sample was given metallographic grinding with 1200-grit sand paper. Furthermore, it was polished by grinding paste. Polishing samples were cleaned in ethanol for 5 min with ultrasonic cleaning until the surface is smooth without blemish. Microstructure of Cr 3 C 2 -NiCr cermet coating was observed by SEM analysis of SHIMADZU SSX-550. Coating surface and the polished cross-sectional microstructure of the as-sprayed coating are shown in Figure 6 . No voids were observed at the coating substrate interface, indicating good adherence between coating and substrates.
The X-ray diffraction pattern of the Cr 3 C 2 -25NiCr as-sprayed coating is shown in Figure 7 . A great peak characteristic of a substantial amount of Cr 3 C 2 , Cr 7 C 3 (Ni, Cr) solid solution phase is observed. The intensity of oxide was not detected due to the high temperature during HVOF process.
In addition, the micro-hardness of the coating and the substrate were measured by the micro-hardness tester. Test conditions: applied loads were 9.807, 4.903, 2.942 and 1.961 N; loading time: 10 s. The results showed that the Vickers hardness of the coating layer is about 680-950 HV, and the matrix hardness is approximately 300-400 HV. Obviously, the hardness value of coating is about two times that of the substrate. This indicates that some spray coating materials can greatly increase the surface hardness of the parts, and erosionwear resistance performance increases along with the increase in hardness.
Surface microstructure of the coating
Erosion-wear behaviours of the same sample for 300 and 500 g impact particles with the 90°impact angle at room temperature were observed in the scanning electron microscope. The surface morphology of the coating after solid particle impact erosion is shown in Figure 8 (a) and (b). It can be seen from Figure 8 that compared with Figure 6 (a), the wear occurred on the coating surface after erosion.
There have been a large number of pits and furrows. With the increase in the number of erosion particles, the impact occurs repeatedly. Plastic deformation can occur and accumulate. When the stress exceeds the material plastic limit, crack will initiate and expand continually. Eventually, it will flake in the form of the coating debris. In addition, the damaged area of erosion surface also grows, with gradually deepened pit depth.
Effect of air pressure Figure 9 shows the volume wear rate of coating material at different air pressure which means that the impact velocity differs due to the air pressure. For this erosion testing, the coating thickness was 120 mm and the specimen was impacted with the 90°impact angle at room temperature (particle size: 150 grade mesh).
As can be seen from Figure 9 , the volume erosion rate of the specimen increased gradually with the increase in air pressure. The phenomenon can be interpreted as follows: the impact velocities increase gradually with increasing air pressure, thereby leading to the larger area of cutting peeling. Accordingly, the number of etch pits and its depth increased gradually. It is likely consistent with the simulation results of literature. 18 Also, it can be interpreted by the empirical formula expressed by equation (2) , and the erosive wear quality was mainly determined by the kinetic energy of the particles 
where e is the erosion-wear quality; k is the erosion factor, related to such factors as the particle hardness and impact angle; E is the elastic modulus of the target; s b is the bending resistance; V is the impact velocity; d is the erosive size; a and b are constants. For spherical erodent particulates, a = 3(m=(m À 2)); for polygonal erodent particulates, a = 3:6(m=(m À 2)); for arbitrarily shaped erodent particulates, b = 2:4(m=(m À 2)), where m is the defect distributed constant.
Effect of coating thickness
According to the conclusions from previous research results, 18 coating damage is serious when the coating layer thickness is thinner. In engineering practice, the average thickness of C-33 metal-ceramic coating that is widely used in high-power gas turbines is about 120-150 mm. Therefore, the effects of coating thickness were investigated. Figure 10 shows the volume wear rate of coating for different coating thickness. Wherein, experiments were carried out at room temperature with the impact angle of 90°. The pressure of compressed air was 0.4 MPa, and the size of silica particles was uniformly selected to 150 mesh (500 g).
As can be seen from Figure 10 , the volume wear rates of coating material increase with the decrease in coating thickness. Especially, for the thinner coating, the wear phenomenon is more serious. Furthermore, partial coating material will be detached and removed from the substrate material and could not protect the substrate. The conclusions agree qualitatively with the coating performance observed numerical simulation. Testing results show that the wear rate of the coating material was only negligible variation in the erosion rate of the coating when the coating thickness was more than 120 mm. Therefore, in practical engineering, reasonable coating thickness can improve the service life of parts. Figure 11 shows the effect of impingement angle on the volume erosion rates of composite coating. These tests were conducted with the coating thickness of 120 mm at room temperature, 0.4 MPa air pressure and 150 mesh particles.
Effect of impact angle on erosion
It can be seen from Figure 8 that the volume erosion rate largely relies on the impingement angle. The erosion rate at 30°impact angle (for typical plastic material erosion mechanism 19, 20 ) is higher than that of 90°(for typical brittle erosion mechanism 19, 20 ) but lower than that of 60°. From the beginning, the coating presents a brittle property which means the erosion behaviour is similar to that of brittle ceramic material, so with the increase in the impact angle, the erosion rate increases. But the microcutting predominantly occurred in the relatively soft NiCr binder phase, which will result in the harder particles being exposed by the impact of particles, then cause subsequent cutting. The shielding effect of the Cr 3 C 2 particle reduces, and the accumulation of dislocation in the weak bonding boundary of the Cr 3 C 2 particles accelerated their pullingout. Therefore, in the impact angle 90°, the erosion is less instead.
During tests process, no evident cracks were observed in eroded sample according to SEM photos. In addition to the presence of impact craters, plough and different forms of cutting wear were also generated. The presence of furrows and lips indicates the material removal by microcutting and microploughing action. Coating shows better erosion resistance at 90°i mpact angle as compared to 30°impact angle. So, it can be concluded that the Cr 3 C 2 -NiCr samples exhibit the combined mode of erosion mechanism (i.e. ductile and brittle), and the brittle mode of erosion characteristic may prevail. The irregularity of particle shape may also contribute to this phenomenon. When polygon rigid particles impacted target material with a certain angle, impact force is decomposed into a force of vertical and horizontal directions.
As stated in literatures, 20,21 the material removal is mainly due to the microcutting action of the erodent particle at a low impact angle, but when at high impact angle, the material removal is dominated by the lip formation, strain hardening of lips and subsequent ductile fracture of these lips. This similar phenomenon of the combined mode of erosion mechanism for coating materials was observed during the study of erosionwear mechanism of NiCrSiB/Al 2 O 3 by Praveen et al. 21 
Effect of erosion temperature
In application, Cr 3 C 2 -NiCr coating is often designed for wear applications at elevated temperatures. Now there is an increasing interest about the wear behaviour at high-temperature environment. For example, according to the literatures, 14, 15 HVOF-sprayed 75Cr 3 C 2 -25NiCr coatings were found useful in providing necessary resistance to boiler steel or nickel-based superalloy against corrosion at 750°C and 900°C. But few investigations of solid particle erosion at high temperature were studied. So, the effect of temperature on the erosion mechanism of Cr 3 C 2 -NiCr coating on nickel-based superalloy was studied. Figure 12 shows the effect of erosion temperature (400°C, 500°C and 600°C) on the eroded surfaces of samples at the impingement angle of 90°. As shown in Figure 10 , the volume erosion rates of composite coating decrease with the increase in the erosion temperature, and the maximum and minimum volume erosion rates occur at 400°C and 600°C, respectively.
The phenomenon can be interpreted that when the eroded temperature was higher than 400°C, the plastic properties of the coating increase with the increase in temperature. Along with the erosion, the plastic deformation occurred, in which the material wear takes place mainly by microcutting. So, the volume erosion rate decreases at the impingement angle of 90°. At low temperature, the coating tends to show brittle material property, so the volume erosion rate is higher due to impingement angle of 90°. In fact, the volume erosion rate can be significantly affected by the temperature.
However, this may be that when the erosion temperature rises above 400°C, the material starts to oxidize which could improve the wear resistance of materials. Also, coarse aggregate on the surface of materials expanded, and the bonding strength between coarse aggregate and matrix was enhanced. The plastic deformation can improve the wear resistance of materials during the erosion at high temperatures. Similar conclusion was obtained by Li et al. 17 The coating may be more suitable for use in relative high-temperature conditions. This was identical to the hot corrosion behaviour at high temperature of Cr 3 C 2 -NiCr. 14, 15 The literatures 14, 15 indicated that the coatings can enhance high-temperature corrosion resistance, whereas the uncoated substrates experienced higher weight gain. But the erosion mechanism of Cr 3 C 2 -NiCr coating on nickel-based superalloy at different temperatures is more complicated which may involve many factors. Therefore, further tests and simulations will be conducted for the future. 
Effect of particle size
The effects of particle size on the volume erosion rates of composite coating were studied. These tests were conducted with the coating thickness of 120 mm at room temperature, with 0.4 MPa air pressure and 90°e rosion angle.
Experimental results of the relationship between volume erosion rate and particle size are shown in Figure 13 . It can be seen that with the increase in the particle size, the volume erosion rates of the coating material increase, and there is a large difference due to the different particle sizes. Such observations may be associated with the kinetic energy of erosion according to empirical formula expressed by equation (1) .
The experimental results are not very inconsistent with previous results of numerical calculations. 18 According to the simulation results, 18 erosion wear will not notably increase if the size of the particles is more than 60 mm. The difference may be due to the factors, for example, the particle shape and the irregularity are not taken into account in the numerical simulation which assumed that the particle is ideal spherical shape. Also, the material properties of the coated sample and erodent particles are not ideal as described in the simulation. The erosion could also be affected by the particle concentrations. Further tests and simulations will be conducted for future research.
Conclusion
Nickel-based superalloy is mainly used to resist the erosion damage at high temperature. Cr 3 C 2 -NiCr coating on the GH738 substrate material was prepared by HVOF spraying process. The erosion test results indicate that the volume erosion rate of the specimen increases gradually with the increase in the air pressure. Also, the number and depth of the etch pits on coating surface increases.
The volume wear rates of the coating material increase with the decrease in the coating thickness, and the wear rate of the coating material has only negligible variation in the erosion rate of the coating when the coating thickness is above 120 mm. Coating shows better erosion resistance at 90°impact angle as compared to 30°impact angle. Also, the maximum volume erosion rate occurs at the impact angle of 60°. So, the mechanism of Cr 3 C 2 -NiCr samples is the combined mode of erosion mechanism (i.e. ductile and brittle), and the ductile mode of erosion characteristic dominates.
The results showed that the coating may be more suitable for use in relative high-temperature conditions. The volume erosion rates of composite coating decrease with the increase in the erosion temperature. This may be related to the occurrence of plastic deformation and oxidation protection at high temperature. With the increase in the particle size, the volume erosion rates of the coating material increase. Erosion particle size and shape are the key factors that influence the erosionwear behaviour.
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